Virus-induced gene silencing (VIGS) is used to analyze gene function in dicotyledonous plants
RNA silencing, encompassing RNA interference (RNAi) in insects and mammals, post-transcriptional gene silencing in plants, and quelling in fungi, has captured the interest of plant molecular biologists and pathologists. RNAi pathways in various organisms differ in particular steps, but all function to destroy RNA in a sequence-specific manner (e.g., Mello and Conte 2004) . Virus infection of plants can also induce RNA silencing and is referred to as virus-induced gene silencing (VIGS) (Al-Kaff et al. 1998; Covey et al. 1997; Ratcliff et al. 1997) . Reports from several research groups have demonstrated that plant viruses can be modified to express portions of host genes with known or unknown function that are then targeted for silencing (Burch-Smith et al. 2004; Lu et al. 2003a ). Doublestranded (ds)RNA, produced during the replication of modified viruses in infected cells or present within segments of the single-stranded RNA genome (i.e., as inverted repeats) are considered to be the trigger for VIGS (Smith et al. 2000; Voinnet 2005; Waterhouse et al. 1998) . Virally encoded dsRNA in cells is recognized by either a host RNA-dependent RNA polymerase, which extends the dsRNA sequence, or directly by a dsRNA-specific Rnase III-type endonuclease (Dicer-like) that processes the dsRNA into small interfering (si)RNAs of approximately 21 to 25 nucleotides (Baulcombe 2004; Meister and Tuschl 2004) . Single strands of the ds-siRNAs, complementary to the target RNA, program the RNA-induced silencing complex and guide it to the target RNA (Meister and Tuschl 2004) . The destruction of target mRNA due to VIGS sometimes results in a visible phenotype in the infected plants, allowing a rapid method to decipher the function of a target gene (Burch-Smith et al. 2004; Lu et al. 2003a ). Because VIGS is a rapid procedure and does not require development of stable transformants, it also has been used in large-scale forward genetic screens in Nicotiana benthamiana (Lu et al. 2003b; Slaymaker et al. 2002) .
Many viruses, including Bean pod mottle virus, Pea early browning virus, Potato virus X, Tobacco mosaic virus (TMV),
Tobacco rattle virus (TRV), Tomato bushy stunt virus, Tomato golden mosaic virus, and a viral satellite DNA (DNAβ) associated with Tomato yellow leaf curl China virus have been used as vectors for VIGS in dicotyledonous plants (Burch-Smith et al. 2004; Constantin et al. 2004; Fu et al. 2005; Kjemtrup et al. 1998; Kumagai et al. 1995; Liu et al. 2002; Qiu et al. 2002; Ratcliff et al. 2001; Ruiz et al. 1998; Tao and Zhou 2004; Zhang and Ghabrial 2006) . However, VIGS in monocotyledons has been limited to only one virus, Barley stripe mosaic virus (BSMV) in two monocotyledonous hosts, Hordeum vulgare (barley) and Triticum aestivum (wheat) (Hein et al. 2005; Scofield et al. 2005; Tai et al. 2005) . Additional viruses modified for use in VIGS are needed to compare the effectiveness of each in common hosts and for use in monocotyledonous crops such as Oryza sativa (rice) and Zea mays (maize), in which no VIGS vector has been reported.
Brome mosaic virus (BMV) is a positive-strand tripartite RNA virus and is the type member of the genus Bromovirus. The BMV genome consists of three RNA segments known as RNA 1, RNA 2, and RNA 3 (Ahlquist 1999) . RNA 1 and RNA 2 encode nonstructural proteins (1a and 2a) necessary for BMV replication (Kao and Ahlquist 1992; Kiberstis et al. 1981; Kroner et al. 1989 Kroner et al. , 1990 Quadt and Jaspars 1990) . RNA 3 encodes a movement protein (MP) required for BMV cell-tocell movement and a coat protein (CP) required for virion formation and host-specific cell-to-cell movement (Ahlquist et al. 1981; Dasgupta and Kaesberg 1982; Rao and Grantham 1996; Flasinski et al. 1995; Sacher and Ahlquist 1989; Takeda et al. 2005) . BMV is present in many countries around the world, has one of the broadest monocotyledon host ranges among viruses, and remains at high levels in cells of infected plants over time (Lane 1981) . For many years, BMV has been a useful model for studies of positive-strand RNA virus replication, movement, recombination, virion formation, and other processes, all often involving interaction with host factors (Kao and Sivakumaran 2000; Noueiry and Ahlquist 2003) . Recently, we identified a virus from a tall fescue plant (Festuca arundinacea Schreb.) with characteristics similar to BMV (Rouf Mian et al. 2005) . Here, we report its further characterization, cloning, and modification to serve as a VIGS vector in barley, rice, and maize plants.
RESULTS

Isolation and host range analysis of the fescue strain of BMV (F-BMV).
Breeding stock of tall fescue showing mosaic leaves, stunted growth, and low vigor was determined to contain a virus with characteristics similar to BMV (Rouf Mian et al. 2005) . This virus isolate was referred to as F-BMV. Inoculation of purified F-BMV virion to tall fescue plants resulted in a systemic chlorotic mosaic similar to that observed on the original breeding stock (Fig. 1A) (Rouf Mian et al. 2005) . Like the Russian strain of BMV (R-BMV), F-BMV caused systemic infection in barley, maize, and many other monocotyledons. Symptoms on these plants, however, were milder than those caused by R-BMV (compare images in Fig. 1B ; data not shown). Interestingly, under our greenhouse conditions, F-BMV but not R-BMV induced a systemic infection in all rice cultivars and plant introductions (PI) tested, based on visual observation and presence of viral RNA ( Fig. 1C and D) . The systemic symptoms displayed by F-BMV-infected rice plants were often chlorotic streaks in leaves by 10 days postinoculation (dpi), followed by slightly stunted growth (Fig. 1C and data not shown).
Virus cloning and sequencing.
To further characterize F-BMV, multiple cDNA clones representing F-BMV RNAs 1, 2, and 3 were sequenced. There were 32, 60, and 19 nucleotide substitutions, respectively, in consensus sequences representing RNAs 1, 2, and 3 of F-BMV as compared with the corresponding sequences of R-BMV (Ahlquist, et al. 1981 (Ahlquist, et al. , 1984 . The sequences representing RNAs 1, 2, and 3 of the F-BMV cDNA clones used to make infectious transcript (described below) were deposited in GenBank (accession numbers DQ530423, DQ530424, and DQ530425 for clones pF1-11, pF2-2, and pF3-5, respectively). These sequences differed from the consensus sequences for the genomic RNAs in a few positions (noted in the GenBank submission for each clone). Three cDNA clones representing R-BMV RNAs 1, 2, and 3 (pB1-26, pB2-4, and pB3-3) were also prepared and sequenced as described for the F-BMV RNAs.
Seven of the 32 nucleotide substitutions in the F-BMV RNA1 sequence would result in amino-acid substitutions at positions 17 (Asp-Ala), 350 (Ser-Asn), 512 (Lys-Ile), 726 (TyrPhe), 803 (Gln-Lys), 859 (Gly-Val), and 914 (Thr-Ala) in the 1a protein. Eight of the 60 nucleotide substitutions in the F-BMV RNA 2 sequence would result in amino-acid substitutions at positions 324 (Asp-Glu), 381 (Cys-Arg), 609 (Val-Ile), 613 (Leu-Met), 655 (Thr-Met), 717 (Thr-Met), 746 (Ile-Leu), and 809 (Val-Leu) in the 2a protein. Amino-acid substitutions within the 2a protein occurred unevenly and were located mainly toward the C-terminal portion of the protein. Within the RNA 3 sequence, two amino-acid substitutions were predicted in the MP at position 81 (Ser-Pro) and position 299 (Thr-Ser), and three amino-acid substitutions were predicted in the CP at positions 23 (Trp-Arg), 26 (Arg-Thr) and 35 (Leu-Phe). The total number of nucleotide substitutions, spread throughout RNAs 1, 2, and 3, represented only 1.3% of the genome sequence, supporting the classification of this virus as a strain of BMV and not a new virus species.
Infectivity of transcripts and genetic determinants within F-BMV required for systemic infection of rice.
The RNA transcripts from F-BMV and R-BMV clones were compared for infectivity by inoculating them to barley leaves. By 7 dpi, plants inoculated with F-BMV transcripts developed milder systemic mosaic symptoms followed by only slightly stunted growth, as compared with those inoculated with R-BMV transcripts. Symptoms induced by F-BMV and R-BMV transcripts were similar to those induced by the parental viruses shown in Figure 1B . Inoculation of crude extracts from the F-BMV-infected barley leaves to rice cv. IR8 and PI615210 resulted in a systemic infection in these plants by 10 dpi. The symptoms induced on these plants were similar to those induced by the parental F-BMV strain (data not shown). No symptoms were observed in rice plants inoculated with crude extracts from R-BMV-infected barley leaves (data not shown).
To determine which genomic segments of F-BMV were required to infect rice, RNA transcripts representing genomic RNAs 1, 2, and 3 of F-BMV or R-BMV were mixed (reassorted; i.e., FFF, FFR, FRF, FRR, RFR, RFF, RRF, and RRR), and the infectivity of the different combinations evaluated in rice after passage through Chenopodium quinoa and barley. Rice cv. IR8 and PI615210 plants inoculated with the reassorted viruses containing either one or both of RNAs 1 and 2 of F-BMV (e.g., FFF, FFR, FRF, FRR, RFR, and RFF) or with F-BMV developed systemic mosaic symptoms (data not shown). Through immunocapture reverse transcriptase-polymerase chain reaction (RT-PCR) assays, we determined that the percentage of infected plants inoculated with F-BMV or reassorted viruses containing either one or both of RNAs 1 and 2 from F-BMV ranged from 37 to 100% for cv. IR 8 or PI615210 (Table  1) . IR 8 and PI615210 plants inoculated with virus not containing either one or both of RNAs 1 and 2 from F-BMV (RRF and RRR) did not display systemic virus symptoms by 30 dpi and no virus was detected in their systemic leaves (Table 1 and data not shown). Results from this study indicate that, under our greenhouse conditions, F-BMV RNA 1 or 2 were required for the systemic infection in rice.
Construction and use of a BMV vector for VIGS in barley, rice, and maize.
We proceeded to modify our cDNA clones to facilitate their use as vectors, to study gene function through VIGS. Several unique restriction sites within the pF3-5 and pB3-3 constructs were chosen, and the vectors tested for maintenance of foreign gene inserts. A HindIII restriction site within the 3′ untranslated region of pB3-3 or pF3-5 was the only site that allowed continued expression of foreign gene fragments ( Fig. 2A) . Because RNA 1 or 2 of F-BMV was required for infection in rice and pF3-5, representing RNA 3 of F-BMV, contained two HindIII restriction sites (nucleotide positions 1,020 and 1,914), we initially chose to insert foreign sequences into the pB3-3 clone representing the R-BMV strain (only one HindIII restriction site present). To evaluate the potential of the hybrid vector representing RNAs 1 and 2 from F-BMV and RNA 3 from R-BMV (referred to hereafter as H-BMV) for use in gene silencing, a 240-bp fragment from the maize phytoene desaturase (PDS) gene was inserted into the pB3-3 clone (pB3-3/PDS 240 ).
Alignment of the maize PDS fragment sequence with PDS sequences from barley (GenBank accession number AY062039) and rice (GenBank accession number AF049356) showed high sequence identity (93% between maize and barley and 91% between maize and rice). An 86-bp fragment was then amplified from within the 240-bp fragment and was cloned into the pB3-3 vector (pB3-3/PDS 86 ). Transcripts representing H-BMV/PDS 86 and H-BMV/PDS 240 were inoculated to leaves of barley. Transcripts representing H-BMV (i.e., without the PDS insert) were also inoculated to plants as a vector control. Plants inoculated with RNA transcripts representing H-BMV/PDS 86 or H-BMV/PDS 240 developed light-yellow and white streaks in the second leaf above the inoculated leaf by 10 dpi (Fig. 3A and data not shown). In later developing leaves, light-yellow and white streaks were also observed, but the number of streaks per leaf decreased with each succeeding leaf. Crude extracts from H-BMV/PDS 86 -infected barley leaves showing light-yellow and white streaks were inoculated to leaves of maize cv. Va35 and rice PI615210. By 10 dpi, white streaks in upper uninoculated maize leaves and, by 14 dpi, light-yellow and white streaks in upper uninoculated rice leaves were observed ( Fig.3B and C) . As for the infected barley plants, the number of light-yellow or white streaks on young leaves of maize and rice increased to a maximum on approximately the second systemically infected leaf and then decreased with each succeeding leaf. No extensive light-yellow or white streaking (bleaching) phenotype was observed in barley, rice, or maize leaves infected with H-BMV lacking the PDS insert. Thus, a bleaching phenotype indicative of the silencing of the host PDS gene was present in the plants infected with the H-BMV/PDS 86 or H-BMV/PDS 240 , but it was transient.
To provide further evidence that the PDS gene in plants showing bleaching symptoms was silenced through VIGS, total RNA was isolated from systemically infected leaves of maize plants inoculated with the H-BMV/PDS 86 , H-BMV, or phosphate buffer (PB) alone at various dpi and was subject to semiquantitative RT-PCR analysis, to determine the steadystate level of the target host mRNA. Maize and barley leaves showing bleaching symptoms contained less PDS mRNA than leaves infected with the H-BMV or leaves not infected with virus ( Fig. 3D ; data not shown). These results support the conclusion that BMV can be used as a vector to analyze gene function in barley, maize, and rice plants through VIGS-mediated gene knock-down technology.
To further test the suitability of H-BMV as a vector for VIGS, a 398-bp fragment from the rice actin 1 gene was inserted into pB3-3. Actin was targeted because we previously determined that downregulating actin levels in Nicotiana benthamiana through VIGS using a TRV vector resulted in a clear visual phenotype, stunted growth (Liu et al. 2005 ; data not shown). RNA transcripts representing H-BMV/Actin 398 were inoculated to leaves of N. benthamiana plants. At 12 dpi, systemically infected N. benthamiana leaves were harvested and crude extracts from these leaves were inoculated to rice cv. IR8. By 21 dpi, rice plants inoculated with H-BMV/Actin 398 developed stronger leaf mosaic symptoms and more stunting than those infected with H-BMV ( Fig. 4A ; data not shown). Quantitative RT-PCR analyses showed that the actin 1 mRNA level in H-BMV/Actin 398 -infected plants was approximately 16 and 15%, respectively, the level in plants inoculated with H-BMV or PB (Fig. 4B) . The quantitative RT-PCR results support the conclusion based on visual observations that the actin 1 gene in H-BMV/Actin 398 -inoculated plants was silenced through VIGS.
Construction and use of an improved VIGS vector, the chimeric (C)-BMV A/G .
Like R-BMV, H-BMV caused some visual symptoms (stunted plant growth, chlorosis in affected leaves) that may interfere with the interpretation of results from VIGS studies. To search for a virus that would accumulate viral RNA to high levels while producing milder symptoms than those caused by R-BMV and H-BMV, we modified the intergenic region (IR) a RNA transcripts representing F-BMV and the Russian strain of BMV (R-BMV) were made, reassorted, and inoculated to barley seedlings (cv. Morex). The progeny reassorted viruses from infected barley leaves were inoculated individually to rice seedlings (PI615210 and cv. IR8). Systemic infection of each reassortant virus in these two lines was determined by symptom development and immunocapture reverse transcriptase-polymerase chain reaction at 21 days postinoculation. The experiment was conducted three times, and in each experiment four to six plants were inoculated per reassorted virus. b Letters represent source of viral genomic RNAs 1, 2, and 3, respectively. F = F-BMV; R = R-BMV. c Number of plant infected/number of plants tested in three experiments. of F-BMV RNA 3 by replacing the existing IR with one from a modified RNA 3 of R-BMV that previously was shown to be responsible for a 2-to 2.5-fold increase in R-BMV RNA 3 and RNA 4 accumulation ( Fig. 2B ; Hema and Kao 2004) . The resulting vector, containing RNAs 1 and 2 and the modified RNA 3 sequences of F-BMV, was named C-BMV A/G . To determine the relative pathogenicity and accumulation of C-BMV A/G in rice (cv. IR64), seedlings at 14 days after planting were inoculated with C-BMV A/G , H-BMV, or F-BMV. Plants inoculated with H-BMV developed mosaic symptoms at about 10 dpi and then became stunted compared with mock-inoculated plants. Younger leaves sometimes showed necrotic lesions at the later infection stage. Plants inoculated with C-BMV A/G or F-BMV developed mild mosaic symptoms by 10 dpi and then became slightly stunted. All symptoms induced by these viruses were milder than symptoms caused by H-BMV (Fig. 5A) . C- BMV A/G CP accumulation in infected rice leaves was approximately half that determined for H-BMV but approximately twofold higher than that determined for F-BMV (Fig. 5B and data not shown). Thus alteration of the IR of F-BMV RNA 3 resulted in a modified vector with a presumed benefit for VIGS studies.
To determine the usefulness of C-BMV A/G vector for VIGS in rice cv. IR64, seedlings were inoculated with RNA transcripts representing C-BMV A/G or C-BMV A/G containing an insert complementary to a portion of the rice ribulose-1,5-bisphosphate carboxylase/oxygenase (rubisco) activase (RA) gene (C-BMV A/G /RA 200 ). We previously observed a chlorosis and necrosis in N. benthamiana plants in which the RA transcript was down-regulated through VIGS using a TRV vector (A. Cole and R. S. Nelson, unpublished data). All virus-inoculated rice plants started to show systemic mosaic symptoms by 10 dpi. The plants inoculated with C-BMV A/G /RA 200 also developed necrotic spots on the second and third systemically infected leaves (Fig. 6A) . No necrosis was observed on plants inoculated with C-BMV A/G . Quantitative RT-PCR using extracts from symptomatic leaves harvested at 14 dpi indicated that the RA transcript levels in plants inoculated with C-BMV A/G /RA 200 were approximately 6% the levels determined for plants inoculated with C-BMV A/G or phosphate buffer (Fig. 6B) .
DISCUSSION
A strain of BMV, F-BMV, isolated from a breeding line of Festuca arundinacea Schreb. (Rouf Mian et al. 2005 ) has been cloned and sequenced, and infectious transcripts based on this virus have been characterized for their ability to infect other hosts and function in VIGS. The modified F-BMV vectors H-BMV and C-BMV A/G were shown to infect rice, barley, and maize and to function as vectors for functional genomics studies in these hosts (Figs. 3, 4 , and 6). Although BMV was used previously as an expression vector in protoplasts (e.g., French et al. 1986; Wojtkowiak et al. 2002) , its utility for VIGS has never been demonstrated. The information reported here expands the number of virus vectors available for functional genomic studies in barley beyond BSMV (Hein et al. 2005; Scofield et al. 2005; Tai et al. 2005 ) and provides a unique resource for studies with rice and maize, in which no VIGS vector has been reported.
Although BMV can infect a broad range of plant species within the family Poaceae, it has been poorly studied for its ability to infect Oryza species. Previously, the infection of three of 18 rice cultivars or PIs by two isolates of BMV was demonstrated under greenhouse conditions, but the results were not reported in a peer-reviewed publication (Kahn and Dickerson 1957). The sources and other properties of the two BMV isolates that infected rice were not provided. It seems unlikely that F-BMV is identical to either of those strains, since it infected all rice cultivars and PIs we challenged (Fig.  1D) . Also, it is unlikely that the strains identified in the earlier studies were identical to the well-characterized R-BMV strain, since R-BMV was unable to establish infection in any rice cultivars or PIs under our greenhouse conditions (Fig. 1D) . The determinants for rice systemic infection mapped to RNAs 1 and 2 of F-BMV and sequences within RNA-3 of the virus enhanced infection of rice (Table 1) .
The involvement of RNAs 1 and 2 of bromoviruses or cucumoviruses during the systemic infection of other host plants was observed previously by several research groups. Traynor and associates (1991) determined that BMV mutants containing deletions in the BMV 2a protein were capable of infecting barley protoplasts but were unable to establish a systemic infection in barley plants. Thus, a function for RNA 2 or 2a protein was necessary for the systemic infection of barley by BMV. Allison and associates (1988) determined that either one or both of the RNAs 1 and 2 of BMV-Cowpea chlorotic mosaic virus (CCMV, also a member of the bromovirus group) reassorted viruses controlled systemic infection of barley. In an earlier study using two strains of CCMV (a wild-type and a resistance-breaking strain), Wyatt and Kuhn (1980) showed that RNA 1 of the resistance-breaking strain was responsible for the systemic infection of cowpea plants. For Cucumber mosaic virus, a tripartite RNA virus sharing significant sequence homology with BMV RNAs 1 and 2, it was determined that RNA 1 or 2 controlled the systemic infection of various hosts (Choi et al. 2005; Gal-On et al. 1994; Roossinck and Palukaitis 1990; Takeshita et al. 1998) .
The mechanism by which the RNAs 1 and 2 or their protein products from the above examples regulate systemic infection in plants is unknown. The protein products of RNAs 1 and 2, 1a and 2a, are required for the replication and accumulation of these viruses (Noueiry and Ahlquist 2003; Palukaitis and García-Arenal 2003) . The 1a protein contains domains likely to have mRNA capping (methyltransferase) and RNA unwinding (helicase) activities. The 2a protein contains the polymerase domain. Both proteins are associated with plant membranes (Cillo et al. 2002; Restrepo-Hartwig and Ahlquist 1996) . For R-and F-BMV, further studies are required in rice protoplasts to clarify whether the block in systemic accumulation by R-BMV is due to the absence of local replication or to lack of systemic movement. However, further conclusions about the mechanism responsible for the systemic infection of rice by F-BMV can be made through analyzing the positions of the amino-acid substitutions. The putative amino acid differences between the 1a protein of F-BMV and R-BMV are spread throughout the protein. However, none of the substitutions reside within the region that defines the primary membrane-association determinants in the 1a protein (aa residues 367 to 480; den Boon et al. 2001) . Although other regions within the 1a protein affect membrane association, it is worth speculating, from this information, that the ability of F-BMV to infect rice is not due to an altered ability of the 1a protein to associate with host membranes. The altered amino-acid residues in the 1a protein are found in the regions associated with RNA capping, 1a-2a and 1a-1a interactions and helicase activity (O'Reilly et al. 1997 (O'Reilly et al. , 1998 . Whether a host factor interaction with viral proteins has been directly affected (e.g., RNA capping) or indirectly affected due to poor viral protein interaction (e.g., 1a-2a interaction) requires study.
The use of BMV as a VIGS vector yielded multiple observations for further discussion. Regarding the size of silencing inducer sequence, we used vectors harboring from 86 (PDS) up to 398 bp (actin 1) inserts for VIGS in various plants. From our observations, it is clear that the addition of up to 398 bp of host sequence to the viral genome did not cause this genomic RNA to exceed the size capacity of the capsid, a severe limitation for viruses that form icosahedral capsids (Lacomme et al. 2001) . Evidence exists that capsid formation may be necessary for BMV cell-to-cell movement (Kasteel et al. 1997; Rao and Grantham 1996) , although results from other studies question this theory (Flasinski et al. 1995; Takeda et al. 2005) .
Although the modified viral RNA with insert could be maintained for a period of time in systemic tissue, the insert may be unstable irrespective of its ability to form a capsid. Insert instability may explain the transient silencing phenotype we observed in our studies; visual silencing phenotypes for PDS and RA were generally lost by the fourth systemically infected leaf. Similar losses of visual phenotype in barley and wheat after inoculation with the BSMV vector expressing a PDS insert have been reported (Holzberg et al. 2002 ; Scofield et al. 2005). Other researchers determined that foreign inserts, especially the larger inserts (in one instance only 300 nucleotides in length), resulted in genetic instability of the replicating virus vector or less vector RNA accumulation (Gosselé 2002; Lacomme et al. 2003; Lu et al. 2003a ). The reason for genetic instability of foreign inserts in viruses is not understood. It is possible that an aberrant form of the viral RNA, due to the foreign gene insert, is recognized by the virus-host replication complex and the nonnative region is deleted through homologous recombination (Urbanowicz et al. 2005) .
We also observed that the PDS silencing phenotype did not penetrate throughout the lamina of barley, maize, and rice leaves displaying silencing phenotypes (Fig. 3A to C) . A similar observation was made in the wheat-BSMV/PDS system (Scofield et al. 2005) . These authors noted that barley displayed a more complete silencing throughout the leaf lamina compared with that of wheat; thus, the host background can influence the level of phenotype penetration through the leaf. The lack of silencing throughout an affected leaf may be due to the absence of virus in the nonsymptomatic regions or to the failure of the expressed insert to induce silencing. Lacomme and associates (2003) reported that the BSMV vector harboring direct inverted repeats of barley PDS gene caused stronger and more pervasive silencing phenotypes in barley plants compared with those caused by the vector carrying corresponding inserts in sense or antisense direction. They also showed, using a TMV vector, that direct inverted repeats generating a loopless dsRNA structure could induce more intense silencing phenotypes than those harboring inverted repeats with hairpinlike structures. Analyzing gene silencing in rice and maize plants, using a BMV vector containing various hairpin-like structures, is under investigation.
Interestingly, in contrast to the visual PDS gene silencing phenotype in rice, the visual actin 1 silencing phenotype in rice was more stable. The stunting phenotype was maintained well beyond when the PDS silencing phenotype was lost (Fig.  4A) and was similar to but milder than the phenotype in N. benthamiana plants infected with TRV harboring an insert from the tobacco actin gene (Liu et al. 2005 ; J. Z. Liu and R. S. Nelson, unpublished data). The reason why the actin 1 gene-silencing phenotype in rice was more stable than the PDS gene-silencing phenotype in rice is unclear. It may be that both silencing phenotypes are transient, but the actin-induced phenotype appears stable because silencing two or three nodes for actin expression permanently stunts those plants as compared with controls, even if later growth is normal. However, the actin 1 gene insert is maintained longer in vector in the systemic rice leaf tissues (up to 40 dpi) than is the PDS insert (data not shown). Further research is necessary to understand the causes of the transient and incomplete silencing often observed in the monocot systems.
MATERIALS AND METHODS
Virus and plant sources.
An infected breeding stock of tall fescue (Festuca arundinacea Schreb.) was the source of the monocotyledonous virus characterized and cloned in this study (Rouf Mian et al. 2005) . Due to its ability to infect tall fescue and its physical and molecular characteristics reported previously (Rouf Mian et al. 2005) and in this study, the virus was named F-BMV. The common strain of BMV, R-BMV, was from a previously described source (Ding et al. 1999) . Both virus isolates were maintained in barley cv. Morex plants grown in growth chambers at 24°C day and 18°C night, 16 h light and 8 h dark cycles.
Rice seeds for cv. IR8 were provided by S. Dai (Donald Danforth Plant Science Center, St. Louis) and cv. Drew by K.
Korth (University of Arkansas, Fayetteville, AR, U.S.A.), and cvs. IR64, PI615200, PI615210, PI64981, PI64984, and PI64987 were obtained from the National Small Grains Collection (Aberdeen, ID, U.S.A.). Seeds of barley cv. Morex and maize cv. Va35 were obtained from previously described sources (Ding et al. 2001 ).
Plant inoculation.
Seedlings were inoculated with virus at 10 to 14 days postgermination. The inoculated plants, except barley, were grown in a greenhouse at 25°C day and 21°C night temperatures. A 16-h photoperiod was maintained inside the greenhouse, through illumination with high-pressure sodium lamps producing a light intensity of approximately 140 μmol photons m -2 s -1 . Virus-inoculated barley plants were grown in a growth chamber as described (Ding et al. 1999) .
Cloning and sequencing F-BMV and R-BMV.
Virions of F-BMV and R-BMV were purified from infected barley leaves through polyethylene glycol precipitation and differential centrifugation (Lane 1981) . Viral RNA was isolated from purified virions through phenol/chloroform extraction and ethanol precipitation. cDNAs of BMV RNAs 1, 2, and 3 were synthesized by priming the 3′ end of each viral RNA with Primer HK-R (5′-GACAATGGTCTCTTTTAGAG-3′) followed by first-strand extension, using SuperScript reverse transcriptase as described by the manufacturer (Invitrogen, Carlsbad, CA, U.S.A.) . The 5′ nucleotides within the HK-R primer contain a PshA1 restriction site (shown in italics), while the 3′ nucleotides contain the sequence complementary to the 3′ ends of the three R-BMV RNAs (Ahlquist et al. 1981 (Ahlquist et al. , 1984 . Full-length PCR products of RNAs 1, 2, and 3 were synthesized using the HK-R primer and primers containing sequences corresponding to the T3 promoter sequence (underlined) and the 5′ end of the respective R-BMV RNA sequences (i.e., HK-1F, 5′-AATT AACCCTCACTAAAGGGAGAGTAGACCACGGAACGAGG T-3′ for RNA 1; HK-2F, 5′-AATTAACCCTCACTAAAGGGA GAGTAAACCACGGAACG-3′ for RNA 2; and HK-3F, 5′-AATTAACCCTCACTAAAGGGAGAGTAAAATACCAACT-3′ for RNA 3). Thermal cycling reactions were conducted with a mixture of Taq DNA polymerase (Roche, Indianapolis, IN, U.S.A.) and Pfu DNA polymerase (7:1, vol/vol; Stratagene, La Jolla, CA, U.S.A.) for maximum polymerase fidelity. The resulting PCR products were gel-purified and ligated individually into the pGEM T-Easy vector (Promega, Madison, WI, U.S.A.) ( Fig. 2A) . Transformation of JM109 competent cells was performed as instructed (Promega). Individual full-length clones representing viral genomic RNAs (three clones each for F-BMV RNAs 1 and 3; four clones for F-BMV RNA 2) were sequenced using sequence-specific primers and a sequencer (model 7900; Applied Biosystems, Foster City, CA, U.S.A.). F-BMV sequences were compared with published sequences of R-BMV (Ahlquist et al. 1981 (Ahlquist et al. , 1984 using DNASTAR Clustal V (DNASTAR, Madison, WI, U.S.A.). Full-length clones representing R-BMV RNAs 1, 2, and 3 were also prepared and sequenced as described for the F-BMV clones above. Plasmids representing RNA 1 of F-BMV (pF1-11) and R-BMV (pB1-26) were linearized with SpeI enzyme, and plasmids representing RNAs 2 and 3 of F-BMV (pF2-2 and pF3-5) and R-BMV (pB2-4 and pB3-3) were linearized with PshAI for synthesis of capped infectious transcript through in vitro transcription and capping using the mMESSAGE mMACHINE kit (Ambion, Austin, TX, U.S.A.).
Preparation and analysis of reassorted viruses.
To identify the one or more viral determinants in F-BMV necessary to infect rice, RNA transcripts were synthesized from the linearized plasmids as described above. Equal quantities of transcripts representing genomic RNAs of either F-BMV or R-BMV were mixed and inoculated to leaves of C. quinoa (5 to 6 μl of mixed reassorted transcripts per leaf; two leaves per plant). Single chlorotic lesions observed on the inoculated C. quinoa leaves were individually collected at 6 dpi, were ground in 0.02 M phosphate buffer (PB), pH 6.0 (1 lesion per 50 μl), and the extract was inoculated to leaves of barley plants. Crude extracts from systemically infected leaves of barley were then used to inoculate leaves of rice cv. IR8 and PI615210. Four to six plants per rice cultivar were inoculated with each of the eight reassorted viruses (e.g., FFF, FFR, FRF, RFF, RRR, RRF, RFR, and FRR), and the experiment was repeated twice.
Virus infection in the inoculated rice plants was determined by symptom observation, biological assay, or immunocapture RT-PCR (Jacobi et al. 1998 ) with modifications. Modifications were that leaves of rice plants were ground in PB, pH 7.0, and an aliquot (30 μl) from each sample was placed in a 0.5-ml microfuge tube precoated with an antibody against the R-BMV coat protein (1:5000 dilution, vol/vol; Ding et al. 2001) . The tubes were incubated overnight at 4°C. After three washes with distilled water, RNAs from bound virions were amplified by RT-PCR, using primers HK-R and B3 F (5′-GAATAAGGA GCTTAAGGTCGG-3′; complementary to nucleotides 1,490 to 1,510 of R-BMV RNA3). The resulting PCR products were visualized by electrophoresis in 1.0% agarose gels.
Modification of F-BMV RNA 3.
To minimize disease symptoms caused by the H-BMV vector in various host plants, a BclI/BssHII fragment was released from the SI13′A/G construct (Hema and Kao 2004) and was ligated into the pF3-5 construct predigested with the BclI and BssHII enzymes. The modified pF3-5 was altered at the initiation sequence for the subgenomic RNA 4 and was referred to as pF3-5/13′ A/G ( Fig. 2B ; synonym, pC-BMV RNA3 A/G ). The progeny virus (referred to as C-BMV A/G ) was analyzed for its pathogenicity in rice through symptom observation and its replication through enzyme-linked immunosorbent assay, as described previously (Barbara and Clark 1982; Ding et al. 2001 ).
Insertion of foreign gene fragments and transcript inoculation.
PCR fragments of 86 and 240 bp were obtained for the maize PDS (Li et al. 1996) gene, using primers PDS F1 (5′-C ATAAGCTTCTCGAGTGTTCATATATGGTTT-3′) and PDS R1 (5′-CATAAGCTTAGACACTTAAAAGTGAACTC-3′), and PDS F1 and PDS R2 (5′-CATAAGCTTTCATCTGGAAACAA CTTGGC-3′), respectively. A PCR fragment of 398 bp of the rice actin 1 gene (accession number XM 475316) was amplified using primers Act F1 (5′-CATAAGCTTATTATGAGCAG GAGCTGGGA-3′) and Act R1 (5′-CATAAGCTTTCTGCTGG AATGTGCTGAGA-3′). A 200-bp PCR fragment of the rice RA gene ) was amplified using primer RA F1 (5′-CATAAGCTTGGTGCAGGTCGCATGGGAGGC -3′) and RA R1 (5′-CATAAGCTTCGCCCGTCACGGATGAGCGG-3′). Each primer contained a HindIII restriction site (shown in italics). The resulting PCR fragments were digested with HindIII and were ligated into the HindIII site of the pB3-3 or pF3-5/13′ A/G construct. The modified vector constructs (pB3-3/PDS 86 , pB3-3/PDS 240 , pB3-3/Act 398 , and pF3-5/13′ A/G /RA 200 ) were sequenced to verify sequence authenticity. RNA transcripts synthesized from the pB3-3/PDS 86 , pB3-3/PDS 240 , pB3-3/Act 398 , or pF3-5/13′ A/G /RA 200 were mixed with those from pF1-11 and pF2-2. The resulting progeny viruses were referred to as H-BMV/PDS 86 , H-BMV/PDS 240 , H-BMV/Act 398 , and C-BMV A/G /RA 200 . The infectious transcripts of H-BMV/PDS 86 , H-BMV/PDS 240 , H-BMV/Act 398 , and H-BMV (a control virus without an insert) were inoculated to leaves of barley and Chenopodium amaranticolor (5 to 6 μl mixed transcripts per leaf, one leaf per plant). Systemically infected barley leaves were collected at 10 to 14 dpi and were ground in PB, pH 6.0, and the extract was inoculated to leaves of maize and rice plants. Plants inoculated with PB alone were used as mockinoculated controls. The infectious transcripts of C-BMV A/G / RA 200 and C-BMV A/G (a control virus without an insert) were each diluted with FES buffer (Scofield et al. 2005 ; 1 μl from each transcript reaction, representing each genomic component, were mixed and diluted to 60 μl of total volume with buffer) and were inoculated directly to leaves of rice and C. amaranticolor plants (20 μl inoculum per plant). The inoculated C. amaranticolor, maize, and rice plants were grown in a greenhouse for approximately four weeks.
Analysis of PDS, actin 1, and RA transcripts in plants.
To determine if the H-BMV vector containing PDS sequence could induce PDS gene silencing in maize and rice, the uninoculated younger leaves of each inoculated maize plant were harvested at 21 dpi and total RNA was extracted from them, using TRIzol reagent (Invitrogen). Synthesis of cDNAs was performed using an oligo dT primer (Integrated DNA Technologies, Coralville, IA, U.S.A.). PDS gene expression in each sample was then determined through semiquantitative RT-PCR using primers PDS F1 and PDS R3 (5′-CATAAGCTTGTGT AGTCACCAGCTAGATAG-3′). Elongation factor 1α (EF-1α) transcript was quantified, using primers EF F1 (5′-GAGGC ATTGACAAGCGTGTGATCGAGAGG-3′) and EF R1 (5′-CC CTCAAACCCAGAGATGGGAACGAAGGGG-3′) as the internal nontargeted control. PCR products collected after 20, 25, 30, and 35 cycles were visualized in 1.0% agarose gels, using a BioImaging System (UVP, Ultra-Violet Products, Upland, CA, U.S.A.).
For actin 1 and RA gene expression in rice, total RNA was extracted from rice leaves at 27 (actin 1) and 14 (RA) dpi and was analyzed through quantitative RT-PCR described previously (Ryu et al. 2004) . Equal amounts of total RNA from three independent plants per treatment were pooled, and 2 μg of pooled RNA from each pooled sample was used for reverse transcription using an oligo dT primer. Primers used to quantify the actin 1, RA, and EF-1α gene mRNA were Act F2 (5′-TACAGCGTCTGGATTGGTGGT-3′) and Act R2 (5′-TGG CAAGAAGCTCAGAAGCAC-3′) for actin 1 gene mRNA, RA F2 (5′-TTCATGGACAAGCTCGTCGTC-3′) and RA R2 (5′-AGGATTTTCCCTGACCCTTGC-3′) for the RA gene, and EF F2 (5′-CCGCCAAGAAGAAATGAGCA-3′) and EF R2 (5′-TCCATGCAACGAGTGCCAT-3′) for the EF-1α gene. Actin 1 and RA mRNA levels in various plants were calculated using the standard curve method (Applied Biosystems Inc., Foster City, CA, U.S.A.) and were normalized against the EF-1α transcript levels. All samples were run in triplicate. Variation between samples was expressed as standard error of the mean for three replicates per treatment. Experiments for both actin 1 and RA transcript analyses were repeated.
